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INTRODUCTION 

Although coa l  has  been burned f o r  c e n t u r i e s ,  many fundamental a s p e c t s  of t h e  
process  remain  poorly understood. Conf l ic t ing  t h e o r i e s  appear i n  t h e  voluminous 
combustion l i t e r a t u r e .  There is, however, genera l  agreement t h a t  c o a l  combustion 
occurs  i n  two s tages :  p y r o l y s i s  o r  d e v o l a t i l i z a t i o n  of t h e  coa l  followed by 
heterogeneous combustion of the char  (1-3). In  most p r a c t i c a l  combustors, the 
l a t t e r  a c t s  as  t h e  r a t e  determining s t e p  f o r  t h e  o v e r a l l  p rocess .  For more e f f i -  
c i e n t  c o a l  combustion, therefore ,  i t  is e s s e n t i a l  t o  understand t h e  parameters  
which most a f f e c t  the  r a t e  of heterogeneous char  combustion. 

Char combustion r a t e  depends pr imar i ly  on the  r e a c t i v i t y  of the  carbonaceous 
m a t e r i a l  t o  oxygen. This  r e a c t i v i t y  i s  c o n t r o l l e d  by s e v e r a l  parameters  such as 
gas  d i f fus ion  rates t o  and from t h e  r e a c t i v e  s u r f a c e  and c a t a l y s i s  of combustion 
by inorganic  s p e c i e s  present  i n  t h e  char .  This  research  concent ra tes  on the  e f f e c t  
of var ious  inorganic  spec ies  on t h e  r a t e  of pulver ized l i g n i t e  combustion. 

Jenkins  e t  a l .  ( 4 )  have shown t h a t  t h e  r e a c t i v i t y  of coa l  c h a r s  is rank re-  
l a t e d .  Chars from low rank c o a l s  such as l i g n i t e s  were found t o  be more r e a c t i v e  
than c h a r s  produced from high rank bituminous c o a l s .  This  has  been a t t r i b u t e d  
t o  t h e  presence of inorganic  c o n s t i t u e n t s ,  i n  p a r t i c u l a r  ion exchangeable c a t i o n s ,  
i n  low rank c o a l s  and t h e i r  c h a r s  (5-7).  

Walker (7) and McKee (8) have shown t h a t  a l k a l i  and a l k a l i n e - e a r t h  meta ls  
a r e  c a t a l y s t s  f o r  the  carbon-oxygen r e a c t i o n .  Furthermore, the  predominant ion 
exchangeable c a t i o n s  on American l i g n i t e s  a r e  a l k a l i  (Na, K) and a lka l ine-ear th  
(Ca, Mg, Ba) metals (9) .  Therefore ,  it is p o s s i b l e  t h a t  highly d ispersed  c a t i o n s  
on low rank c o a l  chars  ca ta lyze  t h e  heterogeneous combustion s t e p .  

Reac t iv i ty  da ta  have been generated previously under isothermal  condi t ions  
The present  work r e p o r t s  on l i g n i t e  i n  the  absence of p a r t i c l e  i g n i t i c n  (5-7).  

combustion under nonisothermal condi t ions .  It w a s  d i r e c t e d  pr imar i ly  towards un- 
ders tanding t h e  e f f e c t s  of c a t i o n s  (K, Ca, N a )  on t h e  i n i t i a l  s t a g e s  of pulver ized 
c o a l  combustion. 

EWERMENTAZ. 

Sample Prepara t ion .  The ion exchangeable c a t i o n s  loca ted  on t h e  carboxyl 
groups of a Texas l i g n i t e  (PSOC-623) were removed by a c i d  washing with 0.04  M HC1. 
A l k a l i  (Na, K) and a l k a l i n e - e a r t h  (Ca) meta ls  w e r e  back exchanged on the  ac id-  
washed coal  using 1 M metal a c e t a t e  s o l u t i o n s .  D e t a i l s  of the procedure a r e  out- 
l i n e d  elsewhere (10). The q u a n t i t y  of exchanged c a t i o n s  was determined by atomic 
absorpt ion spectroscopy.  

Combustion Experiments. Raw and modified l i g n i t e  (mean weight p a r t i c l e  s i z e  
6 2  pm) were combusted i n  an entrained-f low r e a c t o r  a t  an i n i t i a l  furnace (gas  and 
wal l )  temperature of 973 K. 
have been w e l l  documented (10-12). 
a s h  t r a c e r  technique. 

The r e a c t o r  conf igura t ion  and opera t ing  p r i n c i p l e  
Weight l o s s  r a t e  d a t a  were obtained using an 
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RESULTS AND DISCUSSION 

Sample C h a r a c t e r i s t i c s .  Proximate ana lyses  of t h e  raw and modified Texas 
l i g n i t e  a r e  shown i n  Table 1. Acid washing with H C 1  reduced the  t o t a l  ash y i e l d  

TABLE 1 

PROXIMATE ANALYSES OF TEXAS LIGNITE (PSOC 623) 

Ash, w t %  (Dry) VM, w t %  (Dry) Moisture ,  w t %  

Raw 15.9 44.7 10.8 
Ca Loaded 14.0 46.5 8 .O 
Na Loaded 13.0 43.4 12.3 
K Loaded 15 .O 43.9 12.4 
Ac id-Wa shed 10.7 46.1 7.7 

of the coa l  by 33 w t % .  Subsequent a d d i t i o n  of t h e  c a t i o n s  increased  the  ash  y i e l d s  
by between 18% (Na) and 29% (K) ,  based on the  raw l i g n i t e .  The q u a n t i t y  of each 
c a t i o n s  back exchanged, w t %  dry b a s i s ,  is shown i n  Table  2. The a c i d  washing was 

TABLE 2 

CATION LOADINGS ON THE LIGNITE* 

Cat ion w t %  (Dry) m i l l i e q u i v a l e n t s / g  of coa l  (Dry) 

Ca 
Na 
K 

3.8 
2.6 
5.0 

1.2 
1.0 
1.1 

* 
The acid-washed sample had less than 0.1 w t %  (dry)  c a t i o n s  on t h e  c o a l .  

an e f f i c i e n t  procedure s i n c e  less than 0.1 w t %  (dry b a s i s )  of t h e  c a t i o n s  remained 
on the  a c i d  washed coa l .  

Weight Loss Rate  Data. F igure  1 i l l u s t r a t e s  weight loss r a t e  da ta  (wt%,  daf )  
i n  a i r  f o r  raw and exchanged l i g n i t e s .  
model formulated by Morgan (10). E s s e n t i a l l y ,  the  model accounts  f o r  s l i p  v e l o c i t y  
between p a r t i c l e s  and flowing gas .  

Residence times were determined using the  

In  the  i n i t i a l  0 .1  s, the  acid-washed l i g n i t e  had t h e  g r e a t e s t  r a t e  of weight 
l o s s .  The i n i t i a l  s t e p  i n  the  combustion process  account ing f o r  weight l o s s  is 
pyro lys is .  
These da ta  were obtained i n  N 2  a t  a furnace temperature of 973 K. During pyro lys i s ,  
t h e  acid-washed l i g n i t e  had a g r e a t e r  r a t e  of weight l o s s  and a g r e a t e r  t o t a l  weight 
loss in the  residence time of the  r e a c t o r .  It is suggested t h a t  c a t i o n s  ca ta lyze  
secondary char  forming r e a c t i o n s  of t h e  primary v o l a t i l e s ,  p a r t i c u l a r l y  t h e  t a r s  
(10). These cracking and/or  polymerizat ion r e a c t i o n s  on t h e  sur face  of p a r t i c l e s  
reduced the  i n i t i a l  r a t e  of weight loss (when t a r  evolu t ion  was predominant) and 
t h e  t o t a l  y i e l d  of v o l a t i l e s  due t o  sur face  carbon depos i t ion .  

Figure 2 i l l u s t r a t e s  t h e  e f f e c t  of c a t i o n s  on the  r a t e  of pyro lys i s .  

As shown i n  Figure 1, when heterogeneous combustion predominated ( res idence  
times >0.1 s) the  modified c o a l s  l o s t  weight more r a p i d l y  than the  acid-washed l i g -  
n i t e s .  Alka l i  and a lka l ine-ear th  meta ls  a r e  known t o  be e x c e l l e n t  c a t a l y s t s  f o r  
the  carbon-oxygen r e a c t i o n  (7 ,8 ) .  Hence, i t  i s  suggested t h a t  c a t i o n s  exchanged 
on the  coa l  ca ta lyzed  t h e  heterogeneous combustion of t h e  char .  
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The Na and K loaded l i g n i t e s  underwent g r e a t e r  t o t a l  weight loss (by about 
20 wt%) than t h e  calcium loaded l i g n i t e  i n  the  t o t a l  res idence  time of t h e  furnace.  
Isothermal  r e a c t i v i t y  d a t a  have shown t h a t  K and Na a r e  b e t t e r  c a t a l y s t s  than Ca 
f o r  the  carbon-oxygen r e a c t i o n  (5 ,7) .  However, the  low weight loss by t h e  Ca load- 
ed coa l  may be t h e  r e s u l t  of a combination of two f a c t o r s :  c a t a l y s i s  of secondary 
r e a c t i o n s  and c a t a l y s i s  of the  carbon-oxygen r e a c t i o n .  

SUMMARY 

The e f f e c t  of c a t i o n s  on t h e  combustion behavior of pulver ized l i g n i t e  can 
be divided i n t o  t h r e e  main a r e a s :  the r a t e  of weight loss due t o  pyro lys i s ,  t h e  
t o t a l  weight loss due t o  p y r o l y s i s  and t h e  r a t e  of heterogeneous char  combustion. 
The presence of c a t i o n s  (Na, K, Ca) reduced t h e  r a t e  of p y r o l y s i s  and t h e  t o t a l  
weight loss due t o  p y r o l y s i s  b u t  increased  t h e  char  combustion r a t e .  
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